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The optical transmission at a fixed visible wavelength of Bi nanoparticles embedded in a dielectric
is known to show a sharp hysteretic evolution as a function of the temperature due to the reversible
melting-solidification of the nanoparticles. In this work, we explore the temperature-dependent op-
tical response of Bi nanoparticles embedded in a doped germanate glass (GeO2-Al2O3-Na2O) in a
broad range from the visible to the near infrared. The transmission contrast induced by melting of
the nanoparticles is shown to be strongly wavelength-dependent and evolves from positive to nega-
tive as the wavelength increases. This behaviour is well modelled using effective medium calcula-
tions, assuming that the nanoparticles size, shape, and distribution are unmodified upon melting,
while their dielectric function turns from that of solid Bi to that of liquid Bi thus modifying mark-
edly their optical response. These results open a route to the spectral tailoring of the thermo-optical
response of Bi nanoparticles-based materials, which can be profitable for the engineering
of wavelength-selective thermo-optical modulators and filters with optimized amplitude of
modulation and wavelength dependence.VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4895808]
During the last years, much interest has been devoted to
the development of active nanomaterials whose optical
response could be tuned reversibly in the desired spectral
range by means of an external optical,1 electrical,2–4 or ther-
mal5,6 excitation. Direct applications aimed for such materi-
als are optical modulators and filters with strong amplitude
of modulation or strong sensitivity to external excitation.
Nanomaterials based on plasmonic nanostructures have the
possibility to fulfil these two requirements. Indeed, the spec-
tral response of plasmonic nanostructures can readily be tai-
lored by fabricating them with the adequate shape, size, and
surrounding medium. Besides, a relevant modulation of the
plasmonic response of the nanostructures is also achievable,
provided the material they are made of is sensitive to an
external excitation. Such active behaviour cannot be
achieved using Ag or Au, thus requiring the development of
nanostructures based on some of the so-called “alternative
plasmonic materials.”7,8 Among the long list of such materi-
als, poor metals such as Ga,9,10 Sn,11 or Bi12 have the capa-
bility of displaying plasmonic or plasmonic-like effects in
the near ultraviolet-to-near infrared range and show a rela-
tively low melting point. Nanostructures made of such poor
metals are thus interesting building blocks for spectral-
selective thermo-optical devices based on the optical contrast
between their solid and liquid phases.
The realization of robust thermo-optical devices requires
embedding the nanostructures into stable matrices, with a
higher melting point than the metal. The matrix acts as an
inert mould trapping the nanostructures, which can be molten
and solidified reversibly without relevant changes in their
size, shape, and distribution during heating-cooling
cycles.13–20 The physical properties of Bi nanostructures em-
bedded in such robust matrices have been characterized upon
heating-cooling cycles using different techniques including
Raman, X-ray, and optical transmission.12,21–24 The embed-
ded nanostructures always show a higher melting tempera-
ture compared to the solidification one; therefore, giving rise
to characteristic hysteresis loops of the measured physical
property as a function of the temperature that have been
explained by superheating and supercooling phenomena (see
Refs. 22 and 23 and references therein). In particular, a hys-
teretic response has been observed for the optical transmis-
sion of Bi nanoparticles (NPs) embedded in germanate
glasses or in amorphous aluminium oxide. However, the
results reported so far on the thermo-optical response of em-
bedded Bi NPs have been obtained at a single visible wave-
length (560 nm). Due to the rich plasmonic-like optical
features of solid Bi NPs that have been recently observed in
the visible and near infrared,25 an exploration of the thermo-
optical response of Bi NPs in a broad spectral range is neces-
sary to develop the full potential of spectral-selective
Bi-based thermo-optical devices. Therefore in this work, the
thermo-optical response of Bi NPs embedded in a germanate
glass (known for its high mechanical strength, chemical du-
rability, and thermal stability) is studied in the visible and
near infrared.
A Bi-doped germanate glass with molar composition 76
GeO2–5 Al2O3–19 Na2O, to which 5% in weight (1mol.%)
of Bi2O3 was added, was prepared as explained in Ref. 23.
Less than 1mm-thick samples of this glass were cut and pol-
ished for optical measurements. While some samples were
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kept without annealing (they will be called hereafter: “as-
prepared Bi-doped glass”), a post-annealing treatment was
performed for 30min at 773K on other samples of this Bi-
doped germanate glass in order to induce the formation of Bi
NPs embedded in the matrix (“Bi NPs: glass”). For the sake
of comparison, an undoped germanate glass was also fabri-
cated using the same procedure as above without adding
Bi2O3 to the reagent mixture (“pure glass”). Optical trans-
mission spectra at normal incidence (0) were measured at
room temperature in the range 200–1700 nm using a Varian
Cary 5000 UV–VIS–NIR spectrophotometer. Additionally,
spectroscopic ellipsometry measurements were performed at
room temperature at several incident angles (45, 55, 65,
and 75) in the range from 300 to 1700 nm using a J. A.
Woollam VASE spectroscopic ellipsometer. The simultane-
ous analysis of the spectroscopic ellipsometry and transmit-
tance data was performed using the WVASE32 software
(Woollam Co. Inc.).
The optical transmission spectra of the as-prepared
Bi-doped glass and of the pure glass are shown in Fig. 1(a).
The presence of Bi in the glass produces a small shift of the
absorption edge towards longer wavelengths. In addition,
two weak absorption bands appear in the visible region. The
band centred at around 500 nm might be ascribed to bismuth
species (ions and/or ion clusters) with low valence state,26
the other one at around 680 nm is related to the glass network
since it also appears in the non-doped glass. The (post-
annealed) Bi NPs:glass is dark, as seen in the photographs
included in Fig. 1(a), and its transmission is lower than that
of the as-prepared Bi-doped glass in the whole wavelength
range (Fig. 1(a)). This lower transmittance is related to the
presence of Bi NPs, which have been observed by High
Resolution Transmission Electron Microscopy (HRTEM)
studies and Raman spectroscopy.23 A HRTEM image is also
shown in Fig. 1(a). From the analysis of the HRTEM images,
the NPs crystalline structure was observed and it was deter-
mined that the they are spherical in shape, the diameter dis-
tribution being centred around 5 nm with a full width half
maximum of about 6 nm.23 Raman spectroscopy confirmed
the presence of metallic Bi in the annealed samples.23 It is
noteworthy to point out that no Raman band associated to
the presence of bismuth oxides was observed.27
The dielectric function (refractive index (n) and extinc-
tion coefficient (k)) for both the as-prepared Bi-doped glass
and the Bi NPs:glass are shown in Fig. 1(b). The k spectrum
of the as-prepared Bi-doped glass up to 300 nm shows a
sharp absorption edge, while that of the Bi NPs:glass eviden-
ces the strong absorption enhancement as a result of the for-
mation of the Bi NPs. In contrast, both glasses present
similar n spectra (inset of Fig. 1(b)). Note that the n and k
values for the Bi NPs:glass have been only determined for
wavelengths above 400 nm. It has been not possible to deter-
mine them for shorter wavelengths due to the zero transmis-
sion of the glass.
The Maxwell-Garnett effective medium formalism
assuming spherical NPs has been used to model the room-
temperature optical transmission of the Bi NPs:glass.28
This approach should be satisfactory, since the NPs can
be assumed to be far enough one from another to prevent
mutual interaction and small enough to be considered as
quasi static dipoles.29,30 For the matrix, the dielectric
function obtained for the as-prepared Bi-doped glass has
been used. For the Bi NPs, the Bi dielectric function of
bulk polycrystalline thin films at room temperature,
recently reported in Ref. 25, has been used. Therefore, the
only parameter to fit is the NP volume fraction (f). The
best fit of the experimental transmission at room tempera-
ture gives a value for f of 1.26 104, that shows that we
are in a very dilute NPs regime. It can be estimated that
the mass of Bi forming the NPs is 0.03mg for each
100mg of glass, that is, about only 0.7% of the Bi content
is forming the observed NPs. We have investigated the
influence of the particle size and size distribution in the
results of Maxwell-Garnett calculations using the custom-
ary finite-size corrections, and it has been found that it is
negligible for sizes larger than 5 nm. The modelled best-fit
optical transmission and effective extinction coefficient
(keff) are plotted in Figs. 1(a) and 1(b). The calculated val-
ues are in very good agreement with the measured values
showing that the physical behaviour of the Bi NPs:glass is
well described by the model.
FIG. 1. (a) Optical transmission spectra of the pure germanate glass (black
circles), the as-prepared Bi-doped germanate glass (red curve), the Bi NPs:
germanate glass (green curve), and Maxwell-Garnett fit of the latter curve
(dashed blue curve). The images show pieces of the as-prepared Bi-doped
germanate (transparent) and the Bi NPs:germanate (dark) glasses. For the
latter, a HRTEM image showing Bi NPs is included (the scale bar is 20 nm
long). (b) Extinction coefficient (k) for the as-prepared Bi-doped germanate
(red curve) and for the (green curve) Bi NPs:germanate glasses. The k spec-
trum obtained from Maxwell-Garnett modelling is also included (dashed
blue curve). The inset shows the refractive index (n) that is the same for
both the as-prepared Bi-doped germanate and Bi NPs:germanate glasses for
wavelengths above 400 nm.
113102-2 Jimenez de Castro et al. Appl. Phys. Lett. 105, 113102 (2014)
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:
161.111.22.69 On: Mon, 02 Mar 2015 11:16:46
Then, the optical transmission measurements in the range
from 400–800 nm were performed as a function of the temper-
ature between 300 and 700K using a home-made oven inside
a vacuum chamber with a base pressure of 0.1 Pa, with the
heating-cooling cycles performed at 10K min1. The sample
was illuminated at normal incidence by a tungsten-halogen
lamp. The light transmitted by the sample was collected by a
monochromator and an attached photomultiplier. Fig. 2 shows
the evolution with temperature of the optical transmission of
the Bi NPs:glass at several wavelengths during a heating-
cooling cycle. A hysteresis transmission-temperature loop is
observed at each wavelength. This behaviour is not found for
the as-prepared Bi-doped glass, therefore it should be related
to the Bi NPs formed during the annealing.23 For all the stud-
ied wavelengths, as the temperature increases during the heat-
ing cycle the transmission decreases slowly. At about 593K, a
sharp change of the transmission is observed and the transmis-
sion either increases (for k< 600 nm) or decreases (for
k> 600 nm). In the cooling part of the cycle, the transmission
first increases with decreasing the temperature until another
sharp change occurs (decreases for k< 600 nm and increases
for k> 600 nm) at around 366K, until the initial transmission
value is achieved. Note that the temperature at which the tran-
sition takes place is always the same independently of the
wavelength. These sharp transmission changes have been
ascribed to the melting and solidification of the embedded Bi
NPs, this conclusion being supported by Raman measure-
ments in this glass.23 It is worth noting that Raman spectros-
copy accounts well for Bi NPs melting and solidification
processes, as we demonstrated in Bi NPs-doped Ge thin films
in which X-ray diffraction measurements were also
performed.21 It is seen that the NPs melting temperature is
higher than that of bulk Bi and the solidification temperature
is lower. Such hysteretic behavior is well known to occur in
metallic NPs and has been explained from thermodynamic
considerations that take into account the size of the NPs and
solid NP-matrix and liquid NP-matrix interfacial energy
values.31
The transmission spectrum of the glass with liquid Bi
NPs just after melting (at 608K) crosses that of the glass
with solid Bi NPs just before melting (at 554K) at 593 nm.
We have plotted in Fig. 3, the transmission contrast defined
as (Tliq Tsol)/Tsol, where Tliq is the transmission of the glass
with liquid Bi NPs and Tsol is the transmission of the glass
with solid Bi NPs. The transmission contrast changes from
positive to negative at 593 nm, where it cancels, and the
maximum absolute contrast values take place at 400 and
800 nm, reaching values close to 12%. These observations
agree with the wavelength dependence of the transmission-
temperature loops shown in Fig. 2.
To ascertain the origin of the wavelength dependence of
the transmission contrast, which has never been reported
before, the optical transmission of the Bi NPs:glass, contain-
ing either solid or liquid Bi NPs, has been determined at
385K. At this temperature, both the optical response of the
glass with solid Bi NPs and of the glass with liquid Bi NPs
(in a supercooled state) can be measured, upon recording the
transmission in the heating part and cooling part of the cycle,
respectively. Fig. 3 also shows five-point transmission spec-
tra obtained at 385K, one spectrum corresponding to the
glass with solid Bi NPs and the other to the glass with liquid
Bi NPs, both being plotted from the data of Fig. 2. A change
in transmission contrast from positive to negative upon
increasing the wavelength is evidenced. As the dielectric
properties of the matrix at a given temperature are likely the
same whether the Bi NPs are solid or liquid, the measured
transmission contrast at 385K can be ascribed to a change in
the properties of the Bi NPs upon melting-solidification. In
order to further identify this change, the transmittance spec-
tra of the Bi NPs:glass at 385K, containing solid Bi NPs on
the one hand, and liquid Bi NPs on the other, has been mod-
elled using the Maxwell-Garnett formalism for spherical
nanoparticles. At this temperature, the dielectric properties
of both the matrix and solid Bi NPs are very similar to those
at room temperature. Therefore, the room temperature
dielectric function of the as-prepared Bi-doped glass shown
in Fig. 1(b) and the room temperature dielectric function of
solid Bi reported in Ref. 25 have been used for the matrix
and solid Bi NPs, respectively. The Bi dielectric function
reported in Ref. 32 has been used for the liquid Bi NPs. The
NP volume fraction f has been adjusted to fit the correspond-
ing experimental sets of transmission values. The resulting
curves are also plotted in Fig. 3. Crossing of both curves is
observed to occur at 608 nm, thus showing a good agreement
with the observed experimental behavior. The obtained f
values for solid and liquid Bi NPs are 1.23 104 and
1.19 104, respectively. Both are very similar to the value
of 1.26 104 obtained for the room temperature transmis-
sion fit. Therefore, we propose that the wavelength depend-
ence of the transmission contrast of the Bi NPs:glass can be
ascribed to the change in the dielectric function of the Bi
FIG. 2. Transmission evolution as a function of the temperature of the Bi
NPs: germanate glass, during heating (continuous line) and cooling (dashed
line). The wavelengths at which the transmission is monitored are indicated
on the right margin. The solid to liquid transition (tS-L) takes place at 593K
during heating. The liquid to solid (tL-S) transition takes place at 366K dur-
ing cooling. S indicates that the NPs are in the solid state during most of the
heating part of the cycle, and L that the NPs are mainly in the liquid state
during the cooling part of the cycle.
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NPs when their melting takes place (their shape, size and
volume fraction being unchanged). These changes alter the
optical response of the Bi NPs, which drives the extinction
in the Bi NPs:glass. From the dielectric functions of solid22
and liquid Bi,32,33 it comes that a spherical solid and liquid
Bi NPs embedded in the glass should present a plasmonic-
like resonance (as a result of an interband polaritonic behav-
iour34) peaking in the near ultraviolet,22 and a Drude-like
plasmon resonance peaking in the mid ultraviolet, respec-
tively. Due to the high dielectric losses in both solid and liq-
uid Bi, damping effects make the tail of these resonances
extend toward the near infrared, thus allowing solid and liq-
uid Bi NPs to absorb light in this range. In this context, the
transmission contrast can be linked with the difference in the
optical absorption by the solid and liquid Bi NPs, a zero con-
trast value being attributed to the crossing of the resonance
tails of solid and liquid Bi NPs.
In conclusion, the optical transmission of the Bi
NPs:germanate glass can be tuned as a function of the temper-
ature. The transmission contrast, which has been measured in
the visible-to-near infrared range, is wavelength-dependent
and changes from positive to negative upon increasing the
wavelength. Furthermore, from the previous interpretation of
the obtained results, it comes that the wavelength-dependence
of the transmission contrast can be tailored by changing the
dielectric function of the matrix, i.e., by modifying the glass
composition. In Fig. 4, the transmission of spherical Bi NPs
(solid and liquid, calculated in the Maxwell-Garnett formal-
ism) embedded in different host glasses is plotted. The behav-
iour of the present Bi NPs:germanate glass is compared to that
of Bi NPs embedded in a glass matrix with a lower refractive
index, such as silica,35 or with a higher refractive index, such
as a tellurite-based glass,36 both of them with the same vol-
ume fraction f as in the Bi NPs:germanate glass. It is evi-
denced that the spectral features of the transmission contrast
between the glass with liquid Bi NPs and the glass with solid
Bi NPs strongly depend on the refractive index of the glass
matrix. For instance, the wavelength value at which the con-
trast changes from positive to negative increases as the refrac-
tive index of the matrix increases in a wide wavelength range
from 590 to 645 nm. Preliminary simulations using the
Maxwell-Garnett theory also show that further tailoring of the
wavelength–dependence of the transmission contrast can be
achieved by controlling the volume fraction occupied by the
Bi NPs in the glass matrix and the Bi NPs size and shape.34
Tailoring of the Bi NP melting and solidification temperatures
(and therefore the hysteresis cycle amplitude), as well as the
optical contrast at a single wavelength (560 nm) has already
been reported, in Bi NPs: amorphous Al2O3 thin films grown
by pulsed laser deposition.22,25 The observed wavelength de-
pendence of the transmission contrast, together with the possi-
bility of tailoring its spectral features in a broad spectral
range, as predicted by calculations, suggests that Bi NPs-
based materials have a strong potential for the development of
wavelength-selective thermo-optical modulators and filters in
a broad range from the visible to the near infrared. Finally,
note that the use of other poor plasmonic metals, such as Ga
or Sn, with low melting point will broaden the range of poten-
tial devices.
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